Hereditary angioedema is a disabling, potentially fatal condition caused by deficiency (type I) or dysfunction (type II) of the C1 inhibitor protein. In a phase 2 trial, the use of CSL830, a nanofiltered C1 inhibitor preparation that is suitable for subcutaneous injection, resulted in functional levels of C1 inhibitor activity that would be expected to provide effective prophylaxis of attacks.
T h e ne w e ngl a nd jou r na l o f m e dicine H ereditary angioedema is a disabling and potentially fatal condition characterized by recurrent episodes of swelling without urticaria or pruritus. The condition is caused by deficiency (type I) or dysfunction (type II) of the C1 inhibitor protein. 1 Patients have insufficient C1 inhibitor function to prevent bradykinin production by the contact system, leading to episodes of increased capillary hyperpermeability and swelling. These episodes manifest clinically as angioedema attacks. 2, 3 Low levels of C1 inhibitor protein antigen or low functional levels of C1 inhibitor activity, as well as low levels of complement C4, are diagnostic for hereditary angioedema, and baseline C1 inhibitor function has been reported to correlate with disease severity. 4 According to clinical observations, a sustained threshold level of approximately 40% functional C1 inhibitor activity has been reported to confer certain protection against recurrent attacks.
5,6
Regular intravenous C1 inhibitor replacement is effective at reducing the frequency and severity of attacks and has an acceptable safety and side-effect profile. A double-blind, placebo-controlled, crossover trial involving 22 patients with frequent attacks showed a 50% reduction in the frequency and severity of attacks with the use of an intravenous C1 inhibitor at a dose of 1000 IU twice weekly. 7 However, because of the technical difficulties of regular venous access, risks with the use of indwelling venous catheters, and patient considerations, 8, 9 the development of a C1 inhibitor concentrate suitable for regular subcutaneous administration is of interest.
A phase 2 trial showed that administration of CSL830 (CSL Behring), a low-volume, human plasma-derived, pasteurized, nanofiltered C1 inhibitor preparation that is suitable for subcutaneous injection, resulted in a dose-dependent and constant increase in trough plasma levels of functional C1 inhibitor activity above 40%, 10 a biochemical finding expected to provide effective prophylaxis of attacks.
We describe the results of the Clinical Study for Optimal Management of Preventing Angioedema with Low-Volume Subcutaneous C1-Inhibitor Replacement Therapy (COMPACT), a phase 3 trial testing the hypothesis that a twice-weekly subcutaneous injection of CSL830, as compared with placebo, could reduce the frequency of attacks of hereditary angioedema in patients with frequent attacks.
Me thods

Trial Oversight
The trial was jointly designed by the sponsor (CSL Behring) and the steering committee. The protocol, available with the full text of this article at NEJM.org, was approved by the appropriate regulatory authorities and ethics committees or institutional review boards. All the patients provided written informed consent. An independent data and safety monitoring board regularly monitored trial safety and provided recommendations to the sponsor on safety-related trial conduct.
The investigators at each participating center collected the data, which were analyzed by the sponsor with input from the steering committee. The members of the steering committee had access to the data and vouch for the accuracy and completeness of the data and analyses and for the fidelity of the trial to the protocol. The manuscript was drafted by the first author and revised by all the authors. Medical writing assistance, which was paid for by CSL Behring, was provided by ApotheCom.
Patients
Eligible patients were 12 years of age or older and had a clinical and central laboratory diagnosis of type I or II hereditary angioedema (functional C1 inhibitor activity of <50% and C4 antigen level below the normal level). All the patients had had four or more attacks requiring immediate treatment or medical attention or causing clinically significant functional impairment over a 2-month period within 3 months before screening, as documented in the patient's medical records. Full inclusion and exclusion criteria are provided in Table S1 in the Supplementary Appendix, available at NEJM.org.
During the trial, the protocol was amended to include patients who were receiving oral medications for prophylaxis of angioedema attacks, if they had received a stable dose for 3 months before screening and planned to continue throughout the trial. Patients who had received an intravenous C1 inhibitor for routine prophylaxis within 3 months before screening were excluded.
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Trial Design
COMPACT was an international, prospective, multicenter, randomized, double-blind, placebocontrolled, dose-ranging trial. After screening, eligible patients entered a run-in period of up to 8 weeks. All the patients had a clinical diagnosis of hereditary angioedema that had been confirmed by means of central laboratory testing and had had at least two attacks during any consecutive 4-week period or at least one attack during the first 2 weeks of the run-in period. The patients were randomly assigned in a 1:1:1:1 ratio by means of an interactive-response system to receive CSL830 at a dose of 40 IU per kilogram of body weight during the first 16-week treatment period followed by placebo for the second 16-week treatment period or vice versa (i.e., placebo first and CSL830 second); or CSL830 at a dose of 60 IU per kilogram followed by placebo or vice versa (Fig. S1 in the Supplementary Appendix).
Patients who had 12 or more attacks in a consecutive 4-week period (excluding the first 4 weeks of each treatment period) could progress to the next treatment period or to trial completion at the investigator's discretion. An end-of-trial visit was scheduled 1 week after completion of the second treatment period or if a patient was withdrawn from the trial.
Treatment
CSL830 or placebo was administered by the patient twice weekly in a double-blind crossover manner during each treatment period. Blinded trial medication was provided as a lyophilized powder to be reconstituted with sterile water for injection; the dose was rounded up to the nearest milliliter per 500 IU. To maintain the blinding by varying the volume of the agent that each patient received during the two 16-week treatment periods, we provided a high-volume placebo (matching the volume of the 60-IU dose of CSL830) to patients who received the 40-IU dose of CSL830 and a low-volume placebo (matching the volume of the 40-IU dose of CSL830) to patients who received the 60-IU dose of CSL830.
Patients were trained to administer the injections at home. Injections were to be given by means of a manual slow-push method in a single site in the abdominal area, unless the investigator thought an alternative subcutaneous injection site was clinically more appropriate. Patients were permitted to use intravenous C1 inhibitor concentrate, icatibant, ecallantide, or fresh-frozen plasma as a rescue medication for on-demand treatment of attacks at any time during the trial or for preprocedural prophylaxis.
Clinical Assessments
Patients used an electronic diary on a daily basis to record symptoms, use of the trial drug, and any rescue therapy. The investigator reviewed the electronic diary at each trial visit and reported the details of the attack on the electronic casereport form. Functional C1 inhibitor activity and C1 inhibitor and C4 protein levels were measured, and clinical laboratory assessments were conducted throughout the trial at specified trial visits (see the trial protocol).
Outcome Measures
The primary efficacy end point was the number of attacks of angioedema, as reported by the investigator. Secondary efficacy end points were the percentage of patients who had a response (≥50% reduction vs. placebo in the number of attacks) and the number of times that rescue medication was used. Exploratory end points included the number of days of angioedema symptoms, severity of attacks, and proportion of patients in whom the number of attacks was reduced to less than one attack per 4-week period from one attack or more per 4-week period with placebo. The numbers of attacks and uses of rescue medication were normalized for the number of days that the patient received the corresponding treatment.
Safety and the side-effect profile were monitored throughout the trial. Adverse events, serious adverse events, solicited local site reactions (including discomfort, swelling, bruising, or itching at the injection site), the presence of inhibitory anti-C1 inhibitor antibodies, results of viral serologic tests, and clinically significant abnormalities in laboratory assessments were assessed. In addition, a prespecified pharmacokinetic and pharmacodynamic analysis that was based on an interval-censored repeated time-to-event model was constructed to directly relate functional C1 inhibitor activity to the attack of angioedema.
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Statistical Analysis
All efficacy analyses were performed in the intention-to-treat population, which included all the patients who had undergone randomization. Efficacy data were included from the beginning of week 3 for each treatment period to account for a run-in or washout period. The primary efficacy analysis was conducted without imputation for missing data. Safety analyses were based on the safety population, which included all the patients in the intention-to-treat population who had received at least one dose of a study drug.
We estimated that a sample size of 72 patients would provide a power of 80% to detect a relative difference in the primary end point of 30% between the two doses of CSL830 and a power of 99% to detect a difference between active treatment and placebo at an alpha level of 0.05, assuming that patients in the placebo group would have a mean number of 0.152 attacks per day. We estimated that 100 patients would need to undergo screening on the assumption that 20% of the patients would be ineligible to enter the treatment periods after the run-in period and that 10% of the patients who entered the treatment periods would withdraw before trial completion.
Descriptive statistics were used. For the comparison of the number of attacks and the number of times that rescue medication was used, normalized for the number of days that the patient received the corresponding treatment, a leastsquares mean difference was estimated with 95% confidence intervals and P values with the use of a mixed-model accounting for the withinpatient correlation. Hypothesis testing was performed hierarchically to preserve the preset level of significance of 0.05. Thus, we first tested the 60-IU dose of CSL830 versus low-volume placebo, and only if the null hypothesis was rejected at an alpha level of 0.05 did we test the 40-IU dose versus high-volume placebo. Testing of the 60-IU dose versus the 40-IU dose was considered to be exploratory and was always tested at an alpha level of 0.05 for informational purposes. All statistical tests were two-sided. Statistical analyses were conducted with the use of SAS software, version 9.1.3 (SAS Institute).
R esult s
Patients
The trial was conducted from December 2013 through October 2015. Overall, 115 patients were screened at 38 centers: 18 in the United States and 20 across Australia, Canada, the Czech Republic, Hungary, Israel, Italy, Romania, Spain, and the United Kingdom (Fig. S2 in 
Efficacy Results
Among patients who received CSL830, the rate of attacks of angioedema was lower than the rate among patients who received placebo. The mean difference, as compared with placebo, was -2.42 attacks per month (95% confidence interval [CI], -3.38 to -1.46) with 40 IU and -3.51 attacks per month (95% CI, -4.21 to -2.81) with 60 IU (P<0.001 for both comparisons) ( Table 2) . No significant difference was seen between the 40-IU and 60-IU treatment sequences. The occurrence of symptoms and the use of rescue medication in each patient during each treatment period are shown in Figure S3 in the Supplementary Appendix.
Secondary and exploratory end points are also listed in Table 2 . In patients with data that could be evaluated at both doses, the median reduction in the normalized number of attacks versus placebo was 88.6% (interquartile range, 69.6 to 100.0) with 40 IU of CSL830 and 95.1% (interquartile range, 79.0 to 100.0) with 60 IU. The percentage of patients who had a response was 76% in the 40-IU group and 90% in the 60-IU group. Overall, 43% of the patients in the 40-IU group and 58% of those in the 60-IU group had Prevention of Hereditary Angioedema Attacks at least a 90% reduction in attacks, and 53% of the patients in the 40-IU group and 71% of those in the 60-IU group had less than one attack per month. Overall, 38% of the patients in the 40-IU group and 40% of those in the 60-IU group did not have an attack, as compared with 9% and no patients, respectively, who received placebo. Patients in the 60-IU group had half as many attacks as those in the 40-IU group.
The average severity of attacks was lower in the patients who received CSL830 than in those who received placebo (Fig. 1) . Thirteen patients who received CSL830 had a total of 52 severe attacks, and 64 patients who received placebo had a total of 252 severe attacks. In line with the observed reduction in the number of attacks regardless of their location in the body, the number of patients who had laryngeal attacks was reduced with CSL830, with 5 patients in the 40-IU group, no patients in the 60-IU group, and 25 patients in the placebo group.
The mean normalized number of times that rescue medication was used was reduced with both doses of CSL830 versus placebo ( Table 2 ). The rate of use of rescue medication was 71.7% lower among the patients in the 60-IU group than among those in the 40-IU group. In the 60-IU treatment sequences, the rate of use of rescue medication was lower than the rate of attacks.
At screening, the levels of functional C1 inhibitor activity, C1 inhibitor protein, and C4 protein were similar across the three groups; after randomization, all three biomarkers showed a dosedependent increase that reached steady state at week 3 (Fig. S4A, S4B , and S4C in the Supplementary Appendix). In the population-based exposure-response analysis, an inverse relationship * Plus-minus values are means ±SD. There were no significant differences at baseline between the treatment sequences in the characteristics shown. Percentages may not total 100 because of rounding. † The body-mass index is the weight in kilograms divided by the square of the height in meters. ‡ Race was reported by the patient.
Table 1. Baseline Characteristics of Patients in the Intention-to-Treat Population.*
T h e ne w e ngl a nd jou r na l o f m e dicine Table 2 ‖ Severity scores were 1 for mild, 2 for moderate, and 3 for severe. ** Values are for patients who had at least one attack during a 4-week period while receiving placebo.
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between the predicted functional C1 inhibitor activity at the time of an attack and the relative risk of an attack was established (Fig. 2 ).
Safety and Side Effects
Adverse events were reported by similar proportions of patients in the CSL830 groups and the placebo groups (Table 3 ). The majority of reported adverse events were mild (in 95% of the patients in the 40-IU group, 76% of those in the 60-IU group, and 83% of those in the combined placebo group) and were reported by the investigators to be resolved by the end of the trial (98% of the patients in the 40-IU group, 94% of those in the 60-IU group, and 96% of those in the combined placebo group). Three adverse events led to trial discontinuation: pulmonary embolism in a patient who received placebo, urticaria in a patient who received 60 IU of CSL830, and an increase in liver aminotransferase levels in a patient who received 60 IU of CSL830) ( Table S2 in the Supplementary Appendix). Four serious adverse events were reported in three patients: one event (urosepsis) in a patient who received the 40-IU dose and three events (pulmonary embolism, attack of angioedema, and syncope) in patients who received placebo. Most reported adverse events were injection- The investigator graded the severity of each attack according to the intensity of the most severe symptom among the patients in the intention-to-treat population. Percentages may not total 100 because of rounding. T h e ne w e ngl a nd jou r na l o f m e dicine site reactions, which occurred in 31% of the patients who received CSL830 and in 24% of those who received placebo. Of the injection-site reactions, 95% in the CSL830 groups and 95% in the placebo groups were mild; 83% in the CSL830 groups and 90% in the placebo groups resolved within 1 day after onset. No seroconversions for the human immunodeficiency virus or hepatitis B or C virus were observed during the trial; such testing was performed as a safeguard since CSL830 is a plasmaderived product. No anaphylactic reactions or inhibitory anti-C1 inhibitor antibodies were detected.
Discussion
In COMPACT, among patients with hereditary angioedema, we found that twice-weekly administration of CSL830 at doses of 40 IU per kilogram or 60 IU per kilogram provided an excellent and dose-dependent preventive effect, as evidenced across multiple trial end points. The median reduction in the attack rate relative to placebo was 89% with 40 IU and 95% with 60 IU in patients who had data that could be evaluated during the two 16-week treatment periods. This treatment effect was associated with an overall reduced need for rescue medication.
C1 inhibitor replacement for prophylaxis is currently approved only as intravenous therapy. Its use was first described in two case reports in 1989. 11 On the basis of a placebo-controlled study 7 and some open-label studies, 12-15 international guidelines recommend twice-weekly intravenous infusions of a C1 inhibitor preparation (1000 IU) for routine prophylaxis. 8, [16] [17] [18] A previous randomized, controlled trial involving 22 patients showed the efficacy of an intravenous C1 inhibitor infusion regimen in preventing attacks of angioedema. 7 This trial showed a response rate (defined as ≥50% reduction in the frequency of attacks) of 50%. 19 With the use of similar criteria, a response rate of 76 to 90% was observed in our trial.
A recent study showed that patients who re- Upper-respiratory-tract infection 3 (7) 3 (7) 6 (7) 6 (7) Hypersensitivity § 2 (5) 3 (7) 5 (6) 1 (1)
* The safety analysis included all the patients in the intention-to-treat population who had received at least one dose of a study drug. Included are adverse events that had an onset within 24 hours after administration, which were followed until they resolved. † Related adverse events were adverse events that were classified by the investigator as being related to CSL830. ‡ Injection-site reactions included bruising, erythema, pain, swelling, edema, hemorrhage, and induration. § Hypersensitivity included pruritus, rash, and urticaria. Prevention of Hereditary Angioedema Attacks ceived twice-weekly intravenous C1 inhibitor prophylaxis had breakthrough attacks that tended to occur shortly before the next scheduled infusion. 15 These findings suggest that low trough levels of functional C1 inhibitor predispose a patient to an increased risk of an attack. When modeled pharmacokinetic profiles of intravenous and subcutaneous C1 inhibitor were compared, 10 the simulated profiles of functional C1 inhibitor activity showed a lower peak-to-trough ratio and more consistent, sustained, and higher trough values after subcutaneous administration than after intravenous administration. Therefore, the better treatment response rate with a subcutaneous C1 inhibitor may be related to a sustained increase in C1 inhibitor activity to a level that is closer to physiologic values. On the basis of the pharmacokinetic and pharmacodynamic modeling, an inverse relationship between the relative risk of an attack and functional C1 inhibitor activity was established (Fig. 2) . This finding suggests that if the C1 inhibitor activity level could be maintained closer to the lower limit of normal, the risk of an attack would approach zero. Data are lacking on the usefulness of individualized administration of C1 inhibitor replacement therapy to reach and maintain this target level.
The requirement for long-term, intravenous access with C1 inhibitor prophylaxis is a major clinical challenge, and despite expert advice to the contrary, subcutaneous ports are used, which can be associated with various medical complications. 9 A subcutaneous C1 inhibitor may help to overcome many of these disadvantages.
Our trial had a limited observation period of 14 weeks per treatment period (after the exclusion of the 2-week run-in or washout period). Therefore, it was not possible to assess the safety and preventive effects of long-term continuous prophylaxis with CSL830. A qualitative analysis is under way to explore reasons for the variability in patient responses. An open-label extension trial (ClinicalTrials.gov number, NCT02316353) is also ongoing to address this question and to investigate whether individual dose adjustments can further improve treatment response. This question was not addressed in the current trial.
In conclusion, we found that CSL830 significantly lowered the rate of hereditary angioedema attacks, as compared with placebo. More than 50% of the patients had no moderate-to-severe attacks while they were receiving CSL830.
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